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We study a novel scheme named spontaneous parametric fiber loop (SPFL), configured by deliberately intro- 
ducing dispersive elements into the nonlinear Sagnac loop, and show it can function as a passive switch of photon 
pairs. The two-photon state coming out of SPFL highly depends on the dispersion induced phase difference of 
photon pairs counter-propagating in the loop. By properly managing the dispersive elements, the signal and 
idler photons of a pair with a certain detuning and bandwidth can be directed to the desired spatial modes of 
SPFL. If the photon pairs are used to generate heralded single photons, the SPFL can be viewed as a switch of 
single photons. Moreover, our investigation about the dispersion based phase modulation is also beneficial for 
designing all fiber sources of entangled photon pairs. 
© 2013 Optical Society of America 
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There has been a lot of interest in optical switching 
schemes [1] . For quantum communication exploiting the 
fiber network, all fiber switching devices actuated by a 
single photon arc desirable [2, 3]. Current fiber-based 
quantum switches tend to control a weak beam with 
a strong one by using the Kerr-phase modulation [3]. 
In this letter, we study a scheme named spontaneous 
parametric fiber loop (SPFL), configured by deliber- 
ately introducing dispersive elements into the nonlinear 
Sagnac loop, and show it can function as a switch of 
photon pairs by using dispersion based phase modula- 
tion. The two-photon state coming out of SPFL highly 
depends on the dispersion induced phase difference of 
photon pairs counter-propagating in the loop. By prop- 
erly managing the dispersive elements, signal and idler 
photons of a pair with a certain detuning and bandwidth 
can be directed to the desired spatial modes of SPFL. 

As shown in the square frame in Fig. 1(a), the SPFL 
consists of a piece of nonlinear fiber (NLF), two pieces of 
standard single mode fibers (SMFs), SMF1 and SMF2, 
a fiber polarization controller (FPC), and a 50/50 fiber 
coupler (FC). The NLF serves as the nonlinear medium 
of spontaneous four wave mixing (SFWM), in which two 
pump photons at frequencies w p i and u> P 2 scatter through 

the Xxxxx nonlincarity to to create energy-time entan- 
gled signal and idler photons at frequencies uj s and oji, 
respectively, such that oj p i + cj P 2 = uj s +cJi- While SMF1 
and SMF2 act as the dispersive elements of photon pairs. 
Each linearly polarized pump field, E p t (i=l,2), injected 
into the SPFL is split into two pump waves traversing 
in a counter-propagating manner by the 50/50 FC, and 
the two pump fields in the clockwise (CW) and counter- 
clockwise (CCW) directions produce co-polarized pho- 
ton pairs, \lo s ,uji) c and \uj s ,uii) d , respectively, where the 
footnotes c and d denote the propagation direction. The 
SPFL is then preceded by a circulator (Cir), which redi- 
rects the SPFL reflected photons to a separate spatial 



mode. For clarity, we label the two output modes of 
SPFL as "a" and "6". 
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Fig. 1. (Color online) (a) Experimental setup. The con- 
figuration of SPFL is shown in the square frame. The 
generation and transmission of photon pairs in the CW 
and CCW directions of SPFL arc illustrated in plots (b) 
and (c), respectively. 

We note that the SPFL is a bi-directional amplifier, 
in the sense that the vacuum injected from either input 
port can be amplified. The sum of the phases of the sig- 
nal and idler photons of a pair equals to that of the two 
pump photons, but the phase of individual signal or idler 
photons is random. Therefore, the intensities of individ- 
ual signal and idler photons in mode a and b are the 
same. This is different from the parametric loop mirror 
reported in Rcf. [4], in which both the signal wave and 
idler wave originated from the amplification of injected 
signal via four wave mixing have well defined phases. 

For each classical pump E pi , the SPFL acts as a fiber 
loop reflector [5]. When the pump power reflected back 
to mode "b", I p i, takes the extreme values, the polar- 
ization modes of the counter-propagating pumps are au- 
tomatically matched; otherwise, I P i itself only is not re- 
lated to the mode matching [6]. If the polarization of 



the pump fields in SPFL is carefully matched, we have 
I p i ex cos 2 (4> P i/ '2), where the phase difference of the 
counter-propagating waves 4> P i (i = 1,2) is originated 
from the different polarization transformation and can 
be adjusted by the FPC. Therefore, when the loop func- 
tions as an high reflector (HT) or high transmitter, we 
have 4>pi = or <j) p i = n. 

To explain why SMF1 and SMF2 are referred to as the 
dispersive elements of photon pairs, let's analyze the gen- 
eration and transmission of the photon pairs in SPFL. As 
illustrated in Fig. 1(b) and 1(c), when the mode is well 
matched (the same in polarization) by adjusting FPC, 
in the CW (CCW) direction, two pump photons with a 
phase delay introduced by SMF1 (SMF2) are scattered 
into a pair of signal and idler photons in NLF, and then 
the photon pairs experience phase delay in propagating 
through SMF2 (SMF1). Before coming out of SPFL, the 
counter-propagating photon pairs with a phase differ- 
ence (/> are then recombincd at the 50/50 FC. Since the 
signal and idler photon pairs inherit the phase of the 
two pump photons, we have 4> = <fi p i + 4> P 2 + 4>d with 
4>d = (k' pl + k' p2 — k' a - k'i)L2 - (fcpi + k p2 -k a - h)Li de- 
noting the dispersion induced phase difference, where k p i 
(k' pi ) (i=l,2), k s (k' s ), and fej (k'j) are the wave-vectors 
of pump E pi , signal and idler fields in SMF1 (SMF2), 
respectively, and L x (£ 2 ) is the length of SMF1 (SMF2). 
Accordingly, the output state of the SPFL is [6] 



Moreover, if the dispersion property of SMF1 and SMF2 
is the same, we get 



cos- [Vx> + sin 2 ^ 



(1) 



(K,Wi} + \u e ,u)i) b )/V2, \tp 2 ) = 
r |i"j) a \u) B ) b )/\/2, and the footnote a and b 



where \ipi) = 

(\ UJ s) a \Ui) b + \u>i 

denote the spatial modes of signal and idler photons [6,7] 
Particularly, we can obtain the state \ip) = \ipi) for 
4> = 2nx, and \ip) = \ip2) for <fs = (2n + l)7T, where n is an 
integer. In the former case, both signal and idler photons 
of a pair come out in the same spatial mode, they are 
both simultaneously in cither mode a or mode b\ in the 
latter case, the simultaneously created signal and idler 
photons have different spatial modes, i.e., if one photon 
in mode a is known to be in frequency Wj then the other 
one in mode b is determined to have frequency ui s , or 
vice versa. 

Since the procedure of matching polarization mode in 
SPFL is complicated for 4> p i ^ or <f> p i ^ n, we set the 
SPFL functions as an HR for pump to ensure the modes 
of photon pairs are automatically matched [5,6]. In this 
situation, we have 4> p \ + <j> P 2 = and = 4>d- Therefore, 
Eq. [1] can be written as 



\ijj) = cos — IV'i) + sin — \tp 2 ) 



(2) 



For such a state, the single-count probability of the signal 
and idler photons in each spatial mode is constant, while 
the coincidence-count probability of signal and idler pho- 
tons in same and different spatial modes is given by 



4>d 



-A&fofa-L*), 



(4) 



where Afi is the detuning of photon pairs, and /? 2 is 
the second-order dispersion coefficient of SMFs. For the 
non-degenerate photon pairs (ui s ^ u>i) produced by one 



pulsed pump (ui Pl 



uip), we have Afi 



C s i oc 1 ± cos ( 



(3) 



uj p — uJi\ while for the degenerate photon pairs (u> s = u) j = 
uigi) produce by two pulsed pumps (ui p i ^ Wp 2 ), we arrive 
at AVl = u si - cjpi = Ld P 2 - lo si . 

Equations [2] -[4] show that the signal and idler pho- 
tons of a pair can be directed to the required spa- 
tial modes of SPFL by properly managing the disper- 
sion property and lengths of SMF1 and SMF2. Based 
on this feature, the SPFL can be viewed as a passive 
switch of photon pairs. Moreover, it is worth to point 
out that the switch only functions for the photon pairs 
with narrow bandwidth and with detuning satisfying a 
certain relation. For example, to successfully route the 
photon pairs to different spatial modes, the condition 
An = Vl^n + l)7r/(/3 2 (£ 2 -£i)| should be fulfilled. 

Our experimental setup for testing the SPFL is shown 
in Fig. 1(a). The NLF is 300 m dispersion shifted 
fiber (DSF) with zero-dispersion wavelength of about 
1547 nm, and the lengths of SMF1 and SMF2 (G.652) 
are about 3 m and 1 m, respectively. The linearly po- 
larized pulsed pump is spectrally carved out from a 
mode-locked femto-second fiber laser. Photons at the sig- 
nal and idler wavelengths from the fiber laser that leak 
through the spectral carving optics arc suppressed by 
passing the pump pulses through a band-pass filter Fl 
with FWHM of 0.9 nm. The pulse width and central 
wavelength of pump launched into the SPFL are about 
4ps and 1547.5 nm, respectively. Under this condition, 
an efficient co-polarized SFWM with broad band phase 
matching is realized in DSF. In order to ensure the con- 
dition (f> = 4>dis fulfilled, we adjust the FPC to maximize 
the pump power reflected back to the port " b" . 

To reliably detect the photon pairs, an isolation be- 
tween the pump and signal/idler photons in excess of 
100 dB is required. In mode a, we achieve this by first 
exploiting the mirror like property of the SPFL, which 
provides a pump rejection greater than 30 dB, then send- 
ing the photons through a dual band filter F2 with a 
pump rejection in excess of 75 dB [8] . The central wave- 
lengths of F2 in both signal and idler band are tunable, 
and the FWHM of F2 in each band is 0.7 nm. In mode 6, 
the idler or signal photons are selected by a tunable filter 
F3 with pump rejection and FWHM of -120 dB and 1.3 
nm, respectively. The idler and signal photons propagat- 
ing through F2 are recorded by single photon detectors 
(SPD, id200), SPD1 and SPD2, respectively. The sig- 
nal or idler photons passing through F3 are counted by 
SPD3. The SPDs are operated in the gated Geiger mode. 
The 2.5 ns gate pulses arrive at a rate of about 3.1 MHz, 
which is 1/8 of the repetition rate of the pump pulses, 
and the dead time of the gate is set to be 10 /is. 
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Fig. 2. (Color online) Experimental results, (a) Single 
count rate of each SPD, Rs, vs the detuning A A. The 
inset is the true coincidence Ct vs AA. The hollow circles 
and triangles represent the data for photon pairs in the 
same and different spatial modes, respectively. The solid 
and dashed curves are the fits to Eq.(5) with a = 0.0435 
ps 2 and with £ = 29.5 and £ = 32.3, respectively, (b) and 
(c) plot Ct vs the average pump power for AA = 10.75 
and AA = 15.2 nm, respectively. 

We first test the dependence of the output state 
\ip) upon the dispersion induced wavelength dependent 
phase modulation [Eq. (2)]. Using Eq. (4), and taking 
the broadband nature of pump, signal and idler fields 
into account, the true coincidence rate of signal and idler 
photon pairs in the same and different spatial modes is 



C T = £[1 ± cos(-47r 2 aAA 2 c 2 /(A j0 A pn ) 2 )], 



(5) 



where a = ^2(^2 — L±), c is the speed of light in vac- 
uum, AA is the detuning in wavelength space, and the 
coefficient £ is determined by the detected counting rate 
of individual signal photons via SFWM, the total de- 
tection efficiencies in idler band, and the bandwidths of 
signal and idler photons [9]. In the experiment, the pump 
power is fixed at 0.23 mW, the central wavelength of F3 
is in the idler band, and the detuning AA = X p q — A,o is 
varied by changing the central wavelengths of F2 and 
F3, where A^o is the central wavelength of idler pho- 
tons. We record the single counts of each SPD and the 
two-fold coincidences between SPD1 (SPD3) and SPD2 
when AA is changed. Moreover, for each measurement, 
we deduce true coincidence rate Ct by subtracting co- 
incidences measured from adjacent pulses from that of 
the same pulse. By measuring Ct between SPD1 and 
SPD2, we check the probability of the IV'i) state; while 
by measuring Ct between SPD2 and SPD3, we check 
the probability of the \1JJ2) state. The main plot and in- 
set in Fig. 2(a) respectively show the counting rate of 
each SPD (R s ) and true coincidence rate Ct versus AA. 
One sees the single counts of each SPD are about con- 
stant, and the data Ct well fits the theoretical expecta- 
tion. In particular, for the detuning of A A sa 10.75 and 
AA ps 15.2 nm, respectively, we have \ip2) and IV'i)- 



We then further check the contrast ratio of the switch 
by changing the pair production rate to demonstrate how 
well the SPFL can be used to route the signal and idler 
photons pairs to the desired spatial modes. We repeat the 
above measurements by changing the pump power for 
AA = 10.75 and AA = 15.2 nm, respectively. The results 
show the contrast ratio does not vary with pump for both 
cases. As shown in Fig. 2(b) and 2(c), for AA = 10.75, 
photon pairs in the same modes are negligible, the ra- 
tio between Ct measured from the different and same 
spatial modes is about 100 : 1; while for AA = 15.2 nm, 
photon pairs in different spatial modes are negligible, the 
ratio between Ct measured from the same and different 
spatial modes is about 20 : 1. We think the smaller con- 
trast ratio for A A — 15.2 nm is because the detuning is 
slightly deviated from the required ideal value. 

In conclusion, we have presented a photon pair switch 
by exploiting the dispersion based phase modulation in 
SPFL. When the photon pairs are used to generate her- 
alded single photons [10], the SPFL can function as 
a switch of single photons. Moreover, although a va- 
riety of fiber based nonlinear loops, inevitably embed- 
ded with the dispersive elements-standard single mode 
fibers, had been previously used to realize entangled pho- 
ton pairs, the impact of the dispersive elements was ig- 
nored [6-8, 11-13]. Therefore, our investigation is not 
only useful for quantum network, but also beneficial for 
designing all fiber sources of entangled photon pairs. 
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